Reference genes are critical to obtain reliable results of reverse transcription real-time quantitative PCR (RT-qPCR), which is widely used for relative quantification of gene expression. In this study, we evaluated the validity of seven candidate reference genes for normalization in RT-qPCR analysis in the deep-sea bacterium Shewanella psychrophila WP2 under different environmental conditions. Among the set of genes investigated, gyrA, 16S rRNA and rho were identified as the most suitable reference genes for WP2 at different temperatures, hydrostatic pressures and salinities, respectively. Notably, the rho gene is conserved in Shewanella genus and other deep-sea bacteria, thus, could be used as a versatile reference gene for RT-qPCR analysis of these microorganisms under extreme environmental conditions.
INTRODUCTION
Presently, reverse transcription real-time quantitative PCR (RT-qPCR) is widely used to assess gene expression level in a variety of microorganisms. To eliminate the discrepancies caused by samples, PCR efficiencies, and RNA quality and quantity differences, reference genes are frequently used for normalization in RT-qPCR analysis (Bustin 2002; Vandesompele et al. 2002) . There is no versatile reference gene which is widely valid with a stable expression level under different culture conditions (Andersen, Jensen and Orntoft 2004) . Although 16S rRNA is one of the most commonly used reference genes, it has failed normalization in Staphylococcus aureus (Valihrach and Demnerova 2012; Sihto et al. 2014) and Synechococcus sp. strain PCC 7002 (Szekeres et al. 2014) . Moreover, the selection of reference genes could significantly influence the calculation of the relative expression levels of target genes. The expression levels of the seg gene normalized by different reference genes were different (Valihrach and Demnerova 2012) . Thus, it is important to select appropriate reference genes for accurate normalization. Although the selection of reference genes has been performed in several microorganisms, such as Lactobacillus, Clostridium, Edwardsiella and Thermus (Cusick et al. 2015; Rocha, Santos and Pacheco 2015; Sun et al. 2017) , a systematic evaluation of reference genes in deep-sea bacteria is still lacking. is a psychrophilic and piezophilic bacterium that was isolated from west Pacific deep-sea sediment at a water depth of 1914 m. It can grow in a temperature range of 0
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It has a hydrostatic pressure range of 0.1-50 MPa (with optimal growth at 20 MPa) and a salinity range of 1%-7.2% NaCl (with optimal growth at 3%-4% NaCl) (Xiao et al. 2007) . The genome (6.35 Mb) of WP2 has been shown to be the largest among the known genomes of the Shewanella genus (Xu et al. 2017) . The reported physiological characteristics and genomic information of WP2 make it useful for the investigation of environmental adaptation mechanisms of benthic microbes. The aim of this study was to evaluate the validity of seven candidate reference genes (16S rRNA, gyrA, gyrB, rho, rpoB, secA, and gmk) for RT-qPCR analysis in WP2 at different temperatures, hydrostatic pressures and salinities. The present study not merely revealed the appropriate reference genes in WP2, and will facilitate the selection of reference genes in other Shewanella and deep-sea bacteria under extreme environmental conditions.
MATERIALS AND METHODS

Bacterial strain and culture conditions
WP2 was grown on 2216E agar and incubated at 15 • C. Single colonies were incubated in 5 ml of 2216E medium for 24 h to achieve an optical density of 1.0 at 600 nm. These cultures were diluted (1:100) into 50 ml of 2216E medium and grown at different temperatures (4 • C, 15
• C and 22
• C), hydrostatic pressures (0.1, 20 and 50 MPa) and salinities (1%, 3.4% and 5.8% NaCl, w/t). Growth curves were obtained by OD 600 readings, and cell samples for RNA isolation were harvested at the exponential phase ( Fig. S1 , Supporting Information). Cell pellets were immediately frozen in liquid nitrogen and then were stored at −80 • C.
RNA extraction and cDNA synthesis
Total RNA was extracted using TRI reagent (Molecular Research Center, Cincinnati, OH) according to the manufacturer's instructions. Residual contaminant DNA was removed using RNasefree DNase. The quantity and quality of the RNA were measured using a Nanodrop 2000 spectrophotometer (Thermo Scientific, Wilmington, MA, USA). Reverse transcription of RNA was performed using a First Strand cDNA Synthesis Kit (Thermo Scientific) according to the manufacturer's instructions.
RT-qPCR and data analysis
The primers of each gene were designed using the primer Express 3 software (Table 1) . RT-qPCR reactions were performed using the StepOnePlus Real-Time PCR System (Thermo Scientific). The reactions consisted of 1 μl of cDNA, 0.8 μl of each primer, 10 μl of 2× SYBR Green Master Mix (Thermo Scientific), and water added to a final volume of 20 μl. Negative controls were used to exclude non-specific amplification of DNA contamination. All samples and negative controls were amplified in triplicate. The amplification efficiency of each primer pair (Table 1) was determined using 8-fold dilution series of cDNA as templates. The appropriate reference genes for RT-qPCR analysis in WP2 were analyzed and determined by BestKeeper (Pfaffl et al. 2004) , GeNorm (Vandesompele et al. 2002) and NormFinder (Andersen, Jensen and Orntoft 2004) using the raw data of the cycle threshold (Ct) values. The data were analyzed for the standard deviation (SD) and correlation coefficients (r 2 ) with Excel Software.
RESULTS AND DISCUSSION
WP2 were cultured at different temperatures, hydrostatic pressures and salinities (Fig. S1 , Supporting Information). The growth curves showed that change of temperature and salinity have a more profound influence than hydrostatic pressure on the growth of WP2. Low temperature (4 • C) and high salinity (5.8% NaCl) significantly reduced the growth rate. The seven candidate reference genes (16S rRNA, gyrA, gyrB, rho, rpoB, secA, gmk) used in our study had frequently been selected as reference genes for RT-qPCR analysis (Rocha, Santos and Pacheco 2015) . The amplification efficiencies of these genes ranged from 92% to 102%, and the correlation coefficients (r 2 ) were above 0.998 (Table 1 ).
The specificity of each primer pair was confirmed by the single peak in the melting curve and the single band in the agarose gel electrophoresis (data not shown). Among these seven genes, the transcript abundance of rpoB (Ct values ranged from 16.24 to 18.99) was the highest, while the gene with the lowest (Fig. S2 , Supporting Information). These seven genes were assessed by Bestkeeper, which evaluates the expression stability of genes based on the SD of raw Ct values, and a gene with SD > 1 considered unstable (Pfaffl et al. 2004) . In this study, the SD values of all candidate genes met this standard (Table 2) . To have a more rigorous screen, GeNorm and NormFinder were used for further analysis.
GeNorm defines the gene expression stability value M, which is the average pairwise variation value of a reference gene with other genes (Vandesompele et al. 2002) . The gene whose expression stability value M was below 0.5 or 1.5 was regarded as a stable gene (Hellemans et al. 2007; Szekeres et al. 2014; Usarek et al. 2017; Volland, Blasco and Hampel 2017) . Although stable genes' classification criteria are different, it is reasonable to consider that a gene with a low M value is more stable than a gene with a high M value. NormFinder is rooted in a mathematical model of gene expression which estimates intragroup and intergroup variation and combines the two values into a stability value ρ (Andersen, Jensen and Orntoft 2004) . Like GeNorm, the gene with lowest ρ is the most stable reference gene.
For different temperatures, all seven genes demonstrated a low expression stability value M (<0.5) by GeNorm. Notably, gyrA and gyrB showed the lowest expression stability value M (0.114) and thus could be regarded as the two most stable reference genes (Fig. 1A) . Like GeNorm, NormFinder also identified gyrA (ρ = 0.057) and gyrB (ρ = 0.077) as the most valid reference genes (Fig. 1B) . Additionally, rpoB (M = 0.187, ρ = 0.176) and rho (M = 0.199, ρ = 0.205) also demonstrated a relatively low expression stability value and thus could be used as the reference gene for WP2 at different temperatures.
For different hydrostatic pressures, 16S rRNA and rho displayed the lowest M value (0.281) (Fig. 2A) . Similar results were obtained by analysis with NormFinder. The expression stability values ρ of 16S rRNA and rho were 0.315 and 0.385, respectively, and ranked as the second and third most stable genes. Although gmk showed the lowest value of NormFinder (ρ = 0.301), it was not ranked as the most stable gene by the calculation of GeNorm (M = 0.467) (Fig. 2B) .
For different salinities, the two most stable genes calculated by GeNorm were gyrA and secA; however, they had a relative high ρ value (>0.6) by analysis with NormFinder (Fig. 3) . The gene rho, the most stable gene calculated by NormFinder (ρ = 0.076), also displayed a relatively low expression stability value M (0.312) and thus was more suitable as a reference gene at different salinities than gyrA and secA. Although 16S rRNA displayed stable expression at different hydrostatic pressures, it was the least stable with the highest M value (0.811) and ρ value (1.132) at different NaCl concentrations (Fig. 3) .
Finally, all raw Ct values were used to identify the candidate reference genes which showed the most stable expression across all three tested conditions (Fig. S3 , Supporting Information). rho was ranked as the most stable gene by both of GeNorm (M = 0.434) and NormFinder (ρ = 0.233), thus can be used as a versatile reference gene when multiple environmental stress conditions are needed for RT-qPCR analysis. Notably, the transcription termination factor Rho, which was encoded by rho gene, is ubiquitous in Shewanella and other two deep-sea bacteria genomes ( Fig. 4) . Moreover, the rho and neighboring genes (rhlB and trxA) were demonstrated to share a similar operon structure, suggesting the transcription pattern of rho is conserved in these microorganisms. Therefore, the rho gene has a possibility to be used as a versatile reference gene in Shewanella species and benthic bacteria.
In this study, gyrA, 16S rRNA and rho were identified as the most suitable reference gene for WP2 at different temperatures, hydrostatic pressures and salinities, respectively. 16S rRNA, which is widely used as a reference gene in Shewanella, such as S. putrefaciens CN-32 (Xu et al. 2016) , S. frigidimarina NCIMB 400 (Linares et al. 2016) and S. oneidensis MR-1 (Castillo et al. 2015) , was identified as the most stable reference gene for different hydrostatic pressures in this study. However, for different temperatures and salinities, 16S rRNA was not the optimal reference genes for normalization (Figs 1 and 3) . The 16S rRNA is an important component of prokaryotic ribosome which is responsible for protein synthesis; thus is crucial for the cellular activity and growth of microorganism. It is worth noting that the relationship between growth rate and rRNA content has been revealed in E. coli and several marine bacteria (Gourse et al. 1996; Binder and Liu 1998; Lankiewicz, Cottrell and Kirchman 2016) . Interestingly, we noticed that the growth of WP2 was quite similar at different hydrostatic pressures, while they were remarkably influenced by the change of temperature and salinity (Fig S1, Supporting Information) . Therefore, the reasonable interpretation is that the 16S rRNA transcription was kept stable thus to assure a stable growth at different pressures. From this aspect, the 16S rRNA could be used as a suitable reference gene under conditions when the bacterial growth was not significantly influenced. Additionally, gyrA and gyrB have been used in Thermus scotoductus as the reference genes (Cusick et al. 2015) , while they were not the best choice as reference genes in WP2 at different pressures and salinities (Figs 2 and 3) . We evaluated the bias of RT-qPCR quantification if improper reference genes were used (Table S1 , Supporting Information). The relative expression levels of the target gene gmk were significantly varied (with a difference range of 7.7%-402.5%) when different reference genes were used for normalization. Based on the above results, we recommended that the stability of the transcriptional level of a gene should be evaluated before it is used as a reference gene, thus to achieve more accurate results.
Microorganisms are able to thrive in many extreme environments, such as the deep-sea which is characterized by a high hydrostatic pressure (up to 110 MPa) and low temperature (<5
• C).
The genus Shewanella is a typical group of deep-sea bacteria, and gene expression analysis by RT-qPCR in Shewanella will provide new insights into deep-sea adaptation mechanisms. To our knowledge, this is the first study regarding the selection of appropriate reference genes in the Shewanella bacterium, and the results will facilitate the evaluation of reference genes in other Shewanella and deep-sea bacteria, especially for the selection of reference genes at different hydrostatic pressures.
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